Autophagy and apoptosis are interlocked in an extensive crosstalk. Our previous study demonstrated that hypotonic hypoxia-induced marked apoptosis of a spermatocyte-derived cell line (GC-2). However, whether hypoxia-induced apoptosis is mediated by inhibition of autophagy under hypoxic conditions remains unclear. In this study, GC-2 cells were cultured in 1% O 2 and harvested at different time points. Autophagy was determined by acridine orange staining, cyto-ID staining, mCherry-GFP-LC3B adenovirus transfection and Western blotting for various autophagy markers. Apoptosis was detected by TUNEL staining, flow cytometry, JC-1 staining and Western blotting of apoptosis-related proteins. We found that hypoxia-induced apoptosis of GC-2 cells through mitochondrial and death receptor pathways and inhibited autophagic flux in GC-2 cells in a time-dependent manner. However, while marked autolysosome formation was observed in GC-2 cells before 24-h culture in hypoxic conditions, apparent apoptosis was observed only after 24-h culture in hypoxic conditions. Caspase-8 siRNA treatment induced cell survival, accompanied by induction of the mature autophagosome, acidic vesicular organelle formation and autophagic flux. Furthermore, Beclin-1 overexpression markedly attenuated the impairment of spermatogenesis in mice by inhibiting apoptosis of spermatocytes. The results of this study demonstrate that hypoxia inhibits autophagy, which further enhances hypoxia-induced apoptosis of mouse spermatocytes by promoting caspase-8 activation in a time-dependent manner, suggesting that combined application of apoptosis inhibition and autophagy activation might be a therapeutic strategy for treating hypoxia-induced male infertility. Reproduction (2018) 156 545-558
Introduction
Male infertility affects approximately 10-15% of the male adult population worldwide (Krausz et al. 2015) . Many genetic and environmental factors are implicated in the impairment of spermatogenesis and consequent male infertility (Karimian & Colagar 2016 , Min & Min 2017 . Among the environmental factors, hypoxia is a key inducer of male infertility (Verratti et al. 2008) . Hypoxia, as an oxidative stress, causes germ cell apoptosis and results in male infertility. For instance, oxidative stress injury induced by hypoxia is closely related to apoptosis of Leydig TM3 cells from infertile murines, sperm from varicocoele rats, germ cells from testicular torsion rats, germ cells from testicular compartment syndrome rats and even spermatozoa from azoospermia patients (Wei et al. 2009 , Gat et al. 2010 , Liang et al. 2015 , Chen et al. 2016 , Gandhi et al. 2016 .
Autophagy is an evolutionarily conserved process that degrades cytoplasmic components that are detrimental or no longer necessary (e.g., turnover of organelles, such as damaged mitochondria, and removal of proteins, such as apoptotic-related aggregates), thereby ensuring cellular homeostasis and survival (Gallagher et al. 2016) . Recently, several lines of evidence have indicated autophagy and autophagy-related proteins play a pro-survival role in spermatogenic cells and promote stabilization of the integrity of ectoplasmic specialization under different pathophysiological situations of oxidative stress, environmental chemical exposure, starvation and UV radiation exposure (Liu et al. 2014 , Mancilla et al. 2015 , Duan et al. 2016 .
Several studies have indicated that interactions between the crucial proteins in autophagy and apoptosis have an important effect on cell fate under various stimuli (Pagliarini et al. 2012 , Haller et al. 2014 .
The activation of apoptosis can also inhibit autophagy under hypoxia. Caspases that are activated during apoptosis, mainly caspase-8 and caspase-3, can cleave autophagy-related proteins, such as ATG3, ATG4D and Beclin1, suppressing autophagy and resulting in cell damage (Li et al. 2011 , Oral et al. 2012 , Lamy et al. 2013 . In addition, autophagy can block the induction of apoptosis and attenuate cellular injury under hypoxia. The activation of autophagy inhibits apoptosis by clearing damaged mitochondria, inhibiting caspase-3 activation and clearing reactive oxygen species (ROS)-damaged proteins. Thus, autophagy plays a protective role under hypoxia (Zhang et al. 2013 . However, in specific cases, autophagy or autophagy-relevant proteins may help in inducing apoptosis, which can aggravate cellular injury under hypoxia. The underlying mechanisms include the activation of caspases and clearance of the Bruce protein (an anti-apoptotic protein, a member of the inhibitors of apoptosis proteins family) (Nezis et al. 2010 , Young et al. 2012 . Taking all the above into consideration, the interaction between autophagy and apoptosis in spermatocytes under hypoxia treatment remains unclear.
In our previous study, we established an apoptosis model of mouse spermatocytes under hypoxia treatment and found that caspase-8 is involved in apoptosis of mouse spermatocytes (Yin et al. 2017) . In the present study, we further explore whether and how hypoxia affects the autophagy of mouse spermatocytes and how autophagy interacts with apoptosis mutually in vitro and in vivo, which ultimately determines the fate of spermatocytes.
Materials and methods

Reagents and chemicals
Acridine orange (AO) was purchased from Enzo life sciences (Farmingdale, NY, USA). Chemicals for cell culture were obtained from HYCLONE (Logan, UT, USA).
Cell culture, hypoxia treatment, siRNA, lentivirus and transfection
Mouse pachytene spermatocyte-derived cell line GC-2 were obtained from Zhong Yuan biological Ltd (Beijing, China) and were cultured in DMEM as described previously (Kopalli et al. 2016) . Where indicated, hypoxia (1% O 2 ) was achieved by a mixture of ultra-high purity gases (5% CO 2 , 10% H 2 and 85% N 2 ) in a 37°C hypoxia workstation (Invivo 2 , Baker Ruskinn, Sanford, ME, USA). All experimental operations including protein isolation and TUNEL/JC-1/AO/Cyto-ID staining were performed in the hypoxia workstation.
The hypoxic model of GC-2 cells was established according to treatment of different time. 5 × 10 5 cells/well were implanted at six-well dish (diameter 35 mm) in a 37°C, 21% O 2 and 5% CO 2 incubator. The cells were washed once with PBS after 24 h and then the cells were cultured in a 37°C, 1% O 2 hypoxia workstation for 12, 24, 48 and 60 h. siRNA sequences for mouse Caspase-8 were as follows: GCAAGGCCCGGGAAGACAUTT (sense) and AUGUCUUCCCGGGCCUUGCTT (antisense). siRNA sequences for mouse Beclin-1 were as follows: GAUGGUGUCU CUCGAAGAUTT (sense) and AUCUUCGAGAGACACCAUCTT (antisense). siRNA sequences for negative control were as follows: UUCUCCGAACGUGUCACGUTT (sense) and ACGUGACACGUUCGGAGAATT (antisense). Transient transfections were performed with Lipofectamine 2000 (Invitrogen). Experiments were routinely performed in triplicate wells and repeated three times. The mouse beclin 1 cDNA (Open Biosystems) was PCR amplified and cloned into the third-generation self-inactivating lentivirus (LV) vector (Naldini et al. 1996) with the cytomegalovirus (CMV) promoter driving expression producing the vector LV-Beclin 1. Lentiviruses expressing Beclin-1 or empty vector (as controls) were prepared by transient transfection in 293T cells (Tiscornia et al. 2006) . For all experiments, cells were infected with LVs expressing Beclin-1 at a multiplicity of infection (MOI) of 40. After infection, cells were incubated in a humidified, 5% CO 2 atmosphere at 37°C. All experiments were conducted in triplicate to ensure reproducibility.
Mice
All protocols were approved by the Animal Care Committee of the Third Military Medical University. Adult male BALB/c mice were randomly divided into four groups: control, 30-day (H30d) hypoxic, lentivirus (LV) control hypoxic and LV-Beclin 1 hypoxic. Hypoxic mice were raised in a hypobaric chamber, where the atmospheric pressure was reduced to simulate an altitude of 5000 m. The partial pressure of nitrogen falls as total pressure declines on ascent, but the nitrogen percentage in the atmosphere does not change. Hypoxic mice were returned to normobaric conditions for 40 min every day. Control mice were raised at an altitude of 300 m out of the hypobaric chamber. All the animals had free access to standard pellet food and water, and they were maintained under controlled lighting conditions (12 h light:12 h darkness). At day 1 and day 15, LV-Beclin-1 mice were injected with 3 μL of the lentiviral preparations (2.5 × 10 7 TU) into the testicular tissue.
HE staining
Animals were killed by decapitation. The left testis was excised, fixed in 10% formalin, dehydrated and embedded in paraffin. Sections were cut at 5 μm thickness and were stained with HE for light-microscopic observations.
Transmission electron microscopy
Immediately after removal of the testis, tissues were sliced into small samples (1 mm 3 ) and fixed in 3% buffered glutaraldehyde for 4 h at 4°C. Tissue specimens were then post-fixed in 1% osmium tetraoxide (O s O 4 ) for 90 min. The fixed tissue was dehydrated using ascending grades of ethanol, and then the tissue was transferred into the resin via propylene oxide. After impregnation with pure resin tissue, specimens were embedded in the same resin mixture. Ultra-thin sections of silver shades (60-70 nm) were cut using an ultra-microtome (Leica, UCT) equipped with a diamond knife; sections were then placed on copper grids and stained with uranyl acetate (20 min) and lead citrate (5 min). Stained sections were observed with a transmission electron microscope (TEM) (JEM-1011, JEOL, Tokyo, Japan) operating at 80 kV.
TUNEL assay
For detection of apoptosis in situ, TUNEL assays were performed with the one-step TUNEL fluorescent kit (Beyotime). Briefly, the cells stimulated with or without hypoxia were permeabilized with 0.1% Triton X-100, followed with fluorescein isothiocyanate (FITC)-labeled TUNEL staining for 1 h at 37°C. The TUNEL-positive cells were imaged under laser scanning confocal microscope (IX81, Olympus) and quantified as the number of green spots in each photograph (×200); 10 photographs were counted.
Western blotting
After hypoxia treatment, total protein was extracted using a Western and IP cell lysis kit (Beyotime) containing 1 mM PMSF. Whole-cell extracts were then separated by 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis and electrotransferred to a PVDF membrane (Beyotime). After blocking, the membranes were incubated at 4°C overnight with rabbit polyclonal antibody against Caspase-8 (1:1000 dilution, 4790, CST), cleaved Caspase-8 (1:1000 dilution, 9496, CST), Caspase-3 (1:1000 dilution, 9662, CST), DR 5 (1:500 dilution, ab8416, Abcam), c-FLIP (1:1000 dilution, ab8421, Abcam), TRAIL (1:200 dilution, ab42121, Abcam), D c R 2 (1:1000 dilution, ab2019, Abcam), P53 (1:500 dilution, sc-6243, /mL for 12, 24, 48 or 60 h in normoxic or hypoxic cultures. Representative Western blot assays for DR 5 , FAS, BCL-2, BAX, CYT-C and caspase-8 in mouse GC-2 cells that were subjected to 1% oxygen for 12, 24, 48 or 60 h. The relative expression levels of DR 5 , Fas, Bcl-2, Bax, Cyt-c and caspase-8 were normalized to that of β-actin and are presented as the mean ± s.d. The data shown were from three independent experiments. *P < 0.05 vs 21% O 2 . Santa Cruz), FAS (1:200 dilution, sc-1023, Santa Cruz), BCL-2 (1:500 dilution, sc-492, Santa Cruz), BAX (1:500 dilution, sc-6236, Santa Cruz), HIF-1α (1:1000 dilution, sc-10790, Santa Cruz), CYT-C (1:1000 dilution, 11940, CST), Beclin-1 (1:1000 dilution, 3495, CST), ATG5 (1:1000 dilution, 12994, CST), VPS34 (1:1000 dilution, 3811, CST), LC3-II (1:1000 dilution, 3868, CST), mammalian Target Of Rapamycin (mTOR, 1:1000 dilution, 2972, CST), P62 (1:1000 dilution, 8025, CST), BNIP-3 (1:1000 dilution, 44060, CST), lysosome-associated membrane protein 2 (LAMP 2 , 1:1000 dilution, 49067, CST), vacuolar H + ATPase (VMA, 1:1000 dilution, TA-336068, Origene, MD, USA) and β-actin (1:1000 dilution, sc-8432, Santa Cruz). Then, the membranes were washed with TBST and incubated with horseradish peroxidase-linked secondary antibodies (ZDR-5306, ZDR-5307, Zhong Shan, Beijing, China). After being washed with TBST, immunoreactive bands were visualized using NBT/BCIP (Beyotime) as substrate.
Quantification of cellular apoptosis and autophagy by flow cytometry
Apoptotic incidence was measured with the AnnexinV-FITC apoptosis detection kit I (Beyotime) according to the manufacturer's instructions. Briefly, cells were washed twice with cold PBS, and then resuspended in 200 μL of binding buffer at a concentration of 1 × 10 6 cells per mL. 2 μL of annexin V-FITC solution and 10 μL of PI (propidium iodide) were added to these cells at 37°C for 30 min. The cells were analyzed by flow cytometry (FACSCalibur; BD Biosciences) within 1 h. Apoptotic cells were counted and represented as a percentage of the total cell count. The Cyto-ID Autophagy Detection Kit (Enzo Life Sciences, Farmingdale, NY, USA) was used for the autophagic flux analysis. The kit employs a 488 nm excitable green-emitting fluorescent probe that is incorporated into cells. The accumulation of this fluorescent probe is typically GC-2 cells were stained with 1 μg/mL AO for 15 min and were then harvested and analyzed by flow cytometry. The data are the mean ± s.d. of three independent experiments. (C) Cyto-ID Green reagent incorporation in autolysosomes and early autophagic compartments was detected by flow cytometry in GC-2 cells. The bar graph shows the FITC intensity mean ± s.d. from three independent experiments. *P < 0.05 by one-way ANOVA.
observed in spherical vacuoles in the perinuclear region of the cell, in foci distributed throughout the cytoplasm, or in both locations, depending upon the cell type under investigation. Dye-labeled vesicles co-localize with LC3 (microtubuleassociated protein light chain 3), a specific autophagosome marker, serving as a selective marker of autolysosomes and earlier autophagic compartments of the autophagy pathway. Briefly, after treatment with caspase-8 siRNA for different times, the GC-2 cells were washed with PBS and resuspended in 100 μL assay buffer containing 5 μL green detection reagent. After incubation for 10 min at 37°C, cells were washed with assay buffer and analyzed using flow cytometry. Each experiment was performed three different times (i.e., on three different days) and each time it was run in triplicates.
Detection and quantification of acidic vesicular organelles (AVOs) using AO
Vital staining of cells with AO (Enzo life sciences) was performed as described previously (Zeng & Kinsella 2008) . Briefly, cells were grown in 24-well dish (diameter 16 mm). AO was added for 15 min at a final concentration of 1 μg/mL, and the cells were harvested by trypsinization and immediately analyzed by flow cytometry (BD Biosciences). Increased in autophagic flux is believed to stimulate lysosomal proton pumping and increase lysosomal acidity, thereby establishing a correlation between autophagic activity and overall lysosomal acidity (Klionsky et al. 2007) . Increased lysosomal acidity arising from induction of autophagy is therefore reflected by the intensity of the bright red fluorescence emitted by AO. AO-stained cells were analyzed with a flow cytometer using the FL4 channel (>650 nm) to measure the bright red fluorescence, and the FL1 channel (500-550 nm) to measure the green fluorescence of AO bound to nucleic acid.
Autophagic flux measurement Ad-mCherry-GFP-LC3B adenovirus transfection
To monitor autophagic flux, GC-2 cells were transfected with Ad-mCherry-GFP-LC3B (2 MOI) adenovirus (Beyotime) supplemented with antibiotic-free DMEM. After 12 h, cells were treated with hypoxia for different times with or without caspase-8 siRNA treatment. Cells were washed and mounted on glass slides. Finally, cells were monitored over time for GFP and m-Cherry under laser scanning confocal microscope (Olympus).
Caspase-3/8 activity assay
Cells were treated with or without the presence of caspase-8 under hypoxia, and the caspase-3/8 activity in the cleared lysates were measured by using Caspase-3/8 Activity Assay Kit (Beyotime) according to the manufacturer's instruction. After hypoxia, cells were lysed with lysis buffer for 15 min on ice and cell lysates were centrifuged at 16,000 g for 10 min at 4°C. Caspase-3/8 activity was quantified with a Multiskan Go Microplate Absorbance Reader (Thermo, MA, USA) at an absorbance of 405 nm. Blank values were subtracted, and increases in caspase-3/8 activities were expressed as fold increase and calculated based on activities measured from untreated cells. Each sample was measured in triplicates.
Assay of mitochondrial transmembrane potential changes in situ using the fluorescent dye JC-1 JC-1 probe was employed to measure mitochondrial depolarization in GC-2 cell. After hypoxia treatment, the cells were incubated at 37°C for 20 min with 5 mg/L JC-1 (Beyotime), and then washed twice with PBS and placed in 2 mL culture medium. A green fluorescent (JC-1 as a monomer at low membrane potentials) and a red fluorescent (JC-1 as 'J-aggregates' at higher membrane potentials) were monitored under a laser scanning confocal microscope (Olympus). Mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio.
Statistical analysis
All data were expressed as mean ± standard deviation (s.d.). Statistical analyses were performed using the SPSS 11.5 statistical software program. Statistical significance was evaluated by one-way ANOVA, followed by the least significant difference (LSD) test.
Results
Hypoxia induces GC-2 cell apoptosis through mitochondrial and death receptor pathways
In our previous study, we demonstrated the apoptosis of GC-2 cells was increased in a time-dependent manner under hypoxic conditions, which was evaluated by using TUNEL staining and flow cytometry (Yin et al. 2017) . In this study, we further determined whether different hypoxic conditions induced the apoptosis of GC-2 cells through the mitochondrial pathway and/or death receptor pathway. The results showed that hypoxic treatment reduced the ratio of JC-1 aggregates (red fluorescence intensity) to JC-1 monomers (green fluorescence intensity) in a timedependent manner as probed by JC-1 (Fig. 1) . Western blot showed that hypoxic treatment increased P53 and BAX and decreased BCL-2 ( Fig. 2 and Supplementary  Fig. 1 , see section on supplementary data given at the end of this article), indicating that the mitochondrial pathway was induced by hypoxia. Moreover, hypoxia significantly increased the protein levels of DR5, TRAIL, FAS and caspase-8 and significantly decreased c-FLIP and DcR2 after 48 h ( Fig. 2 and Supplementary  Fig .1 ), indicating the death receptor pathway was also induced by hypoxia. 
Hypoxia inhibits autophagy by breaking the autophagic flux in GC-2 cells
To determine whether hypoxia induces autophagy of GC-2 cells, we used a pH-sensitive, doubletagged mCherry-GFP-LC3B reporter to determine the fusion efficiency of autophagosomes with lysosomes. As GFP but not Cherry fluorescence is lost in acidic compartments, mCherry-GFP-LC3B-labeled nonacidic autophagosomes appeared as yellow/orange fluorescence (positive for both green and red), but acidic autolysosomes appeared as red fluorescence only. The autophagosome was observed in GC-2 cells cultured in 21% oxygen before 12 h; thereafter, autophagic flux was observed. When cultured in 1% oxygen for 24 h, the autophagosome was observed, and thereafter, immature autophagosomes that were shaped like an unclosed loop were repeatedly observed (Fig. 3A) .
We further detected the formation of acidic vesicular organelles (autophagic acidic vacuoles, AVOs), a characteristic feature of cells engaged in autophagy (Daido et al. 2004) , by flow cytometry. The stains used were AO, which binds to AVOs and thereby marks AVOs by the appearance of red fluorescence, and Cyto-ID Green, which accumulates in spherical vacuoles in the perinuclear region of the cell, serving as selective marker of autolysosomes and early autophagic compartments. The results showed that, though the autolysosome formation in 21% oxygen cultured GC-2 cells decreased mildly in a time-dependent manner, the autolysosome formation in 1% oxygen condition sharply decreased in GC-2 cells (Fig. 3B and C) , indicating hypoxia inhibited autophagy in GC-2 cells in a time-dependent manner.
In light of these findings, we additionally performed Western blotting of the protein extracts from the cells to Figure 6 Caspase-8 siRNA normalizes the expression levels of autophagy-related markers under hypoxia treatment in GC-2 cells. GC-2 cells were seeded at 5 × 10 5 /mL for 48 or 60 h in normoxic or hypoxic cultures. Caspase-8 deficient GC-2 cells were subjected to 1% oxygen conditions for 48 h or 60 h. Representative Western blot assays for caspase-8, cleaved caspase-8, Beclin-1, LC3-II, P62 and VMA in mouse GC-2 cells. The statistical analysis of the Western blot assay is shown. The relative expression levels of caspase-8, cleaved caspase-8, Beclin-1, LC3-II, P62 and VMA were normalized to that of β-actin and are presented as the mean ± s.d. The data shown were from three independent experiments. *P < 0.05 vs 21% O 2 .
probe for autophagy-related proteins. When GC-2 cells were exposed to 1% O 2 for 48 h or 60 h, the autophagic flux markers Beclin-1, LC3-II, VPS34, ATG5, BNIP-3, LAMP2 and VMA were downregulated. However, p62 (a substrate for autophagic degradation) and autophagic flux inhibitors such as mTOR were increased (Fig. 4 and Supplementary Fig. 2 ).
Inhibition of caspase-8 promotes autophagy activity
Caspase-8, the key effector caspase of the death receptor pathway, is highly activated in hypoxic GC-2 cells to directly coordinate cellular responses to hypoxic environments (Yin et al. 2017) . To investigate whether caspase-8 was involved in regulating autophagy, we knocked down endogenous caspase-8 using siRNA to detect the expression changes of autophagy-related markers and determine their underlying mechanisms of action. The results showed that the autophagic flux in GC-2 cells treated by caspase-8 silencing was improved under hypoxia treatment culture conditions by staining with mCherry-GFP-LC3B (Fig. 5A) . Flow cytometry further indicated that though caspase-8 siRNA-negative cells did not have further decreased autolysosome levels in GC-2 cells under 1% O 2 , depletion of caspase-8 markedly increased the autolysosome level under 1% O 2 for 48 h or 60 h ( Fig. 5B and C) . In addition, depletion of caspase-8 by siRNA resulted in marked reduction of the levels of caspase-8, cleaved caspase-8 and caspase-3, and the activity of caspase-3/8 in GC-2 cells under 1% O 2 for 48 h or 60 h (Figs 5, 6 and Supplementary Fig. 3 ). Meanwhile, depletion of caspase-8 by siRNA resulted in an evident increase in the expression of Beclin-1, LC3-II, VPS34, ATG5, BNIP-3, LAMP2 and VMA ( Fig. 6 and Supplementary Fig. 3 ) and a significant reduction in the expression of mTOR and P62 as determined by Western blot, indicating that caspase-8 may be involved in regulating the autophagy of GC-2 cells under hypoxia.
Overexpression of Beclin-1 alleviates apoptosis of GC-2 cells under hypoxia treatment
Autophagy plays pro-survival or pro-apoptotic roles in non-cancer cells treated by hypoxia, and Beclin-1 (autophagy-related protein, a key molecule of the autophagy initiation complex) overexpression activates autophagy (Gao et al. 2012 , Xia et al. 2013 . Therefore, we further explored the effect of Beclin-1 on hypoxia-induced GC-2 cell apoptosis. The results showed that activation of autophagy by Beclin-1 overexpression significantly decreased cell death at 48 h and 60 h as detected by TUNEL staining and annexin V-FITC in GC-2 cells under 1% O 2 (Fig. 7A, B and C) . The JC-1 monomers were assembled into aggregates (red fluorescence) in the cells that were subjected to hypoxia treatment for 48 h or 60 h when autophagy was activated by Beclin-1 overexpression (Fig. 8) . Meanwhile, activation of autophagy by Beclin-1 overexpression resulted in an evident increase in the expression of c-FLIP, DcR2 and BCL-2 and a significant reduction in the expression of DR5, TRAIL, BAX and P53 ( Fig. 9 and Supplementary Fig. 4 ).
Overexpression of Beclin 1 rescues spermatogenesis by inhibiting apoptosis in mice
To determine whether overexpression of Beclin-1 from the lentivirus reduced spermatocyte apoptosis by activating the autophagy pathway in vivo, we delivered the Beclin-1 lentivirus via in situ injection to the testis under hypoxia. We found that compared with the LV-control, delivery of LV-Beclin 1 resulted in increased expression of Beclin-1 in testis and an elevated level of autophagy ( Fig. 10A and B) . Consistent with the results of immunoblots, cyto-ID analysis with testis tissues confirmed that the autophagy percentage was increased by 40% in mice that received the LV-Beclin 1 injections compared with LV control (Fig. 10C ). Mice injected with the LV control virus demonstrated degeneration and detachment of spermatocytes. In contrast, LV-Beclin 1-injected mice showed a considerable reduction in apoptosis of spermatocytes ( Fig. 10D and  E) . Analysis of the apoptosis of spermatogenic cells in seminiferous tubules by confocal microscopy showed a 60% of reduction in mice that received the LV-Beclin 1 compared with the LV-control (Fig. 11) . Together, these data suggest that delivery of LV-Beclin 1 to the mice reduced the apoptosis of spermatogenic cells by inducing the autophagic response.
Discussion
The alterations of the male component of fertility caused by hypoxia in humans can be attributed to impaired spermatogenesis (Vargas et al. 2011 , Reyes et al. 2012 . Spermatocyte apoptosis is the key pathophysiological process involved in hypoxia-induced impaired spermatogenesis in vivo (Liao et al. 2010 , Reyes et al. 2012 . Our previous study showed that hypoxia-induced apoptosis of mouse spermatocytes is mediated by HIF-1α through both the death receptor pathway and the mitochondrial pathway (Yin et al. 2017) . However, the mechanism behind the hypoxia-induced apoptosis of spermatocytes is still poorly understood.
There are several common upstream pathways among autophagy and apoptosis. Therefore, it is reasonable that autophagy and apoptosis could regulate each other, which has been confirmed in non-spermatocytes under hypoxia (Marino et al. 2014 , Li et al. 2015 . This phenomenon pushed us to explore whether the hypoxiainduced apoptosis could be mediated by the altered autophagy under hypoxia treatment. In fact, hypoxia induces autophagy in non-spermatocyte hypoxic cells. These findings reveal that the effect of hypoxia on autophagy depends on the time of ischemia hypoxia and the extent of ischemic reperfusion. For instance, neuron autophagy increases within 24 h of ischemia but decreases after 24 h of ischemia , Rohailla et al. 2014 , Zuo et al. 2014 , Xu et al. 2016 . In line with these observations, our present study showed that hypoxia induced the apoptosis of GC-2 cells in a time-dependent manner. The underlying mechanisms included the marked inhibition of expression of autophagy-related proteins, formation of acidic vesicular organelles (AVOs) and autophagic flux in GC-2 cells by hypoxia in a time-dependent manner, especially at 48 h and 60 h of hypoxia. Consequently, a number of immature autophagosomes were observed in GC-2 cells after 48 h of hypoxia treatment, indicating that hypoxia significantly inhibited autophagy.
The activation of apoptosis-related caspase can degrade autophagy-related proteins, thus inhibiting autophagy in tumor cells (Man et al. 2017 , Tang et al. 2017 . However, whether the apoptosis could regulate autophagy in germ cells in hypoxia remains to be elucidated. In present study, we found that pretreatment with caspase-8 siRNA efficiently activated the autophagy, which was confirmed by the appearance of membranous vacuoles, formation of AVOs, cleavage and recruitment of microtubule-associated protein 1 light chain 3 (LC3) to autophagosomes, increase in autophagic flux and upregulation of autophagy-related proteins. These results suggest that inhibition of caspase-8 activated autophagy, implying that caspase-8 might at least partly act as an autophagy regulator to mediate the hypoxia-induced inhibition of GC-2 cell autophagy. This is in line with the published literature demonstrating that caspase-8 activation can cleave autophagy-related proteins, such as P62, ATG3, RIPK1 and Beclin1, suppressing autophagy and resulting in cell damage (Li et al. 2011 , Oral et al. 2012 , Dillon et al. 2014 , Matsuzawa et al. 2015 . The mechanism might include caspase-8-mediated cleavage of Beclin-1, resulting in the generation of a carboxyterminal fragment that exists downstream of the BH3 domain, localizes to mitochondria and permeabilizes isolated mitochondria in vitro to cause the release of proapoptotic factors (Li et al. 2011) . However, such details have to be confirmed in GC-2 cells under hypoxia treatment in the future.
We then investigated the effects of autophagy inhibition on hypoxia-induced apoptosis in GC-2 cells. To this end, we activated autophagy in GC-2 cells transfected with lentivirus-Beclin 1 (LV-Beclin 1) under hypoxia to observe the apoptotic status. The results demonstrated that the apoptosis of GC-2 cells was markedly reduced. Furthermore, Beclin-1 overexpression markedly decreased the expression of apoptotic pathway-related proteins, such as DR5, TRAIL, FAS, P53, BAX and caspase-8 and significantly increased the expression of c-FLIP, DCR2 and BCL-2. Beclin-1 overexpression also resulted in gradual recovery of MMP, which is important to prevent release of cytochrome c from mitochondria and cell internal damage (Kroemer et al. 2007 , Valero 2014 . These results indicate that autophagy inhibition by hypoxia plays an important role in hypoxia-induced GC-2 cell apoptosis, which is supported by published studies in non-germ cells under ischemic hypoxia conditions. Melatonin (an agonist of autophagy) administered 5 min after an ischemic insult can significantly reduce activation of intrinsic apoptosis (Carloni et al. 2017) . Induction of autophagy is accompanied by reduced cardiomyocyte apoptotic rate and decreased expression levels of BAX/BCL-2 and active caspase in the border zone of 3-day-infarcted mice following high-mobility group box-1 (HMGBI, an agonist of autophagy) treatment (Foglio et al. 2017) . In contrast, autophagy-deficient H9c2 cells overexpressing dominant-negative ATG5 have significantly increased apoptosis after LCN2 treatment (Sung et al. 2017) .
We then further investigated whether activation of autophagy could suppress apoptosis of spermatocytes upon hypoxia exposure. Morphological assays revealed that overexpression of Beclin-1 caused recovery of degeneration of the germinal epithelium, folding of the basement membrane and changes in lipid droplets in Sertoli cells. An increase in spermatocyte count was observed in mice injected with LV-Beclin 1. This is consistent with recent studies showing that the induced autophagy in spermatogenic cells plays a cytoprotective role under several pathophysiological conditions through its apoptosis-inhibitive activities. For instance, increased autophagy has been observed in the GC-2 line upon exposure to dibutyl phthalate, a strong reproductive toxicant, accompanied by the clearance of ROS-damaged proteins and mitochondria as part of the cell's effort to minimize cell damage and promote survival . Conversion of LC3-I to LC3-II increases significantly during cooling at 4°C, freezing/thawing and several other stressful conditions (UV irradiation, oxidative stress, osmotic stress and changes in temperature). Moreover, exposure to STF-62247, an autophagic agonist, and rapamycin (an autophagic agonist and an antagonist of mammalian target of rapamycin (mTOR)), increases the LC3-II/LC3-I ratio, thereby maintaining the percentage of viable cells, whereas exposure to chloroquine and 3-MA inhibits LC3 processing, thereby decreasing the viability (Aparicio et al. 2016) . In addition, xeno-estrogen 4-nonylphenol (NP) induces reproductive dysfunction in male rats by inducing caspase-dependent apoptosis and necrosis. NP-induced apoptosis and necrosis are inhibited upon blockade of ROS generation by N-acetylcysteine but enhanced by treatment with the autophagy inhibitor 3-MA (Duan et al. 2016) . All these results support our findings that activation of autophagy can be enhance the survival of spermatocytes by inhibiting apoptosis of spermatocytes upon hypoxia exposure.
In conclusion, hypoxia can induce apoptosis of mouse spermatocytes by inhibiting autophagy because autophagy occurs before 24 h but apoptosis occurs after 24 h of exposure to hypoxia. The enhanced hypoxia will further inhibit autophagy by activating caspase-8 to degrade autophagy-related proteins, establishing a positive feedback cycle for hypoxia-induced apoptosis. Activation of the autophagy pathway may reduce the degeneration of the germinal epithelium, folding of the basement membrane and apoptosis of spermatocytes. This study might contribute to the development of more effective therapeutic strategies for rescuing spermatogenesis under hypoxic conditions by combined application of apoptosis inhibition and autophagy activation.
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